MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) is the most common clinical entity caused by a mitochondrial DNA (mtDNA) mutation. It was first described in 1984 by Pavlakis, who reported two children and nine similar cases from the literature with normal early development; short stature; seizures; and alternating hemiparesis, hemianopia, or cortical blindness (1) . Episodic headache with vomiting, hearing deficit, and slowly progressive dementia are frequent additional features. Suspicion of MELAS is often based on magnetic resonance imaging studies, which show infarct-like, often transient lesions that are not confined to vascular territories. Laminar cortical necrosis; focal necrotic, atrophic changes; and basal ganglia calcifications indicate an ongoing process rather than one ischemic incident. Increased amount of lactate is found in blood and cerebrospinal fluid in symptomatic patients, and ragged red fibers (RRF) are found in muscle. Activities of mtDNA-encoded respiratory chain enzymes in the muscle, especially of complex I, are deficient.
At least 17 point mutations have been found in association with MELAS (MITOMAP, 2004 ), but only a few have been shown to be pathologic. Eighty percent of patients have an A to G transition at nucleotide position (np) 3243 in the mitochondrial tRNALeu gene corresponding to the UUR (R ϭ A or G) leucine codons (2, 3) . Another 7-15% of patients with MELAS have T to C transitions at np 3271 (T3271C) (4) . The majority of the previously reported 20 patients with MELAS and the T3271C mutation have been Japanese (5) (6) (7) (8) (9) (10) . In the province of Northern Ostrobothnia in northern Finland, the prevalence of the A3243G mutation was found to be Ͼ16.3:100,000 in the adult population (11) . Chinnery et al. (12) studied the epidemiology of various mtDNA mutations in North East of England and found a 0.95:100,000 prevalence for the A3243G mutation in the adult population. The population frequency of the T3271C mutation has not been determined. In addition to classical MELAS, the A3243G mutation has been found in patients with progressive external ophthalmoplegia, Kearns-Sayre syndrome, deafness, and/or diabetes and in an overlap syndrome with features of MELAS and myoclonus epilepsy with ragged red fibers (MERRF) (13-18).
Tarnopolsky et al. (4) reported six Caucasian patients with MELAS and the T3271C mutation and concluded that although the clinical courses were similar, the age of onset was later than in those with the A3243G mutation. The degree of heteroplasmy (i.e. the proportion of mutant versus wild-type mtDNA in the cell), the tissue distribution of mutant mtDNA, the threshold effect, and nuclear and mitochondrial DNA backgrounds are suggested to be the underlying factors associated with the clinical diversity of the A3243G mutation.
We report the clinical and pathologic findings in a patient with MELAS and the T3271C mutation. Her first clinical manifestations appeared at the age of 6 y, but she lived a normal life until the late teen years, when acute worsening of the disease led to her death at the age of only 18 y. We present here the biochemical and molecular genetic analysis of the autopsy samples of a rare Caucasian juvenile patient with MELAS and the T3271C mutation.
METHODS
All of the examinations and samples were taken with informed consent, according to the Declaration of Helsinki. The study was approved by the ethical committee of the Helsinki University Central Hospital.
Muscle biopsy, histochemistry, and ultrastructure. A muscle specimen was obtained from the vastus lateralis muscle by open biopsy under general anesthesia. Part of the muscle sample was immediately placed in ice-cold buffer with 0.25 M sucrose, 2 mM EDTA, 10 mM Tris-HCl, and 50 U/mL heparin (pH 7.4) for biochemical analysis. Part of it was snap-frozen in liquid nitrogen for DNA analyses, part was frozen in isopentane cooled in liquid nitrogen for histologic and histochemical analysis, part was fixed in formaldehyde for paraffin sections, and part was fixed in glutaraldehyde for electron microscopy. The muscle was examined using hematoxylin-eosin, Van Gieson, modified Gomori trichrome, periodic acid-Schiff, oil red O, and myofibrillar adenosine triphosphatase (pH 9.4, 4.6, and 4.3) stainings, and the histochemical activities of NADH-tetrazolium reductase and cytochrome oxidasesuccinate dehydrogenase were studied, as well as by electron microscopy (Jeol JEM 1200 EX electron microscope).
Biochemical and mtDNA analysis . Mitochondria were isolated from a fresh muscle biopsy specimen, and the respiratory chain enzyme activities [CIϩII (EC 1.6.5.3, EC1.3.5.1), CIϩIII (EC1.6.5.3, EC1.10.2.2), CIV (EC1.9.3.1), CII, citrate synthase activity (EC2.3.3.1)] were analyzed within 4 h as previously described (19) . Total cellular DNA was extracted from the muscle biopsy sample or fibroblasts derived from a skin biopsy sample, according to routine procedures.
Large rearrangements of mtDNA were analyzed by Southern blot analysis as described previously (20) . Selected point mutations of mtDNA [A to G at the nucleotide 3243 or T to C at the nucleotide 3271 in tRNA Leu(UUR), an A to T transversion at the nucleotide 8344 of tRNALys] were analyzed by solid-phase minisequencing technique as described elsewhere (21) . The blood leucocytes of the mother and two younger sisters of the patient were examined for T3271C point mutation by solid-phase minisequencing, otherwise as the other mutations, but using the following primers: forward primer 5'-agagcccggtaatcgcataa-3', reverse primer 3'-ggccatgggtatgttgttaaga-5', and detection primer 3'-aattgaacctctgactgtaa-5'.
Paraffin embedded tissue samples and xylene treatment. The autopsyderived paraffin-embedded tissue samples from the patient were deparaffinized and amplified by PCR according to Shibata et al. (22) .
RESULTS
Case history, examination, and pedigree. Our patient was born after an uneventful pregnancy at 36 wk gestation with birth weight of 2480 g and length 47 cm. The parents and two younger sisters were healthy during the patient's lifetime, but diabetes was recently diagnosed in the 18-y-old younger sister (V-2), who is on insulin therapy. There is no other family history of diabetes. The maternal grandmother (III-2) had a psychiatric illness since the age of 27 y. She had diabetes and increasing headaches and was given the diagnosis of "organic schizophrenia, encephalopathy with cerebral atrophy" 2-3 y before her death, at the age of 42 y (Fig. 1) .
The patient developed normally until the age of 6 y, when she was investigated because of poor growth and weight loss. Fatigue during exercise appeared at the age of 10 y. At 11 y of age, she had palpitation during exercise, after which WolffParkinson-White syndrome and a cystic goitre with normal thyroid function was discovered. Some three-to five-beat supraventricular tachycardias without subjective sensations were seen in a 24-h Holter registration, but no changes in the ECG were recorded at the time when she complained of palpitation. The cardiac ultrasound was normal.
She was investigated by us at 12 y of age. She attended normal school but had been unable to walk and attend school for 2 wk because of swelling of the ankles and fatigue. She was very thin with atrophic muscles, swollen ankles, and Achilles tendon tightness. She had no cardiomyopathy. Because her serum albumin value was also normal, the ankle swelling remained without explanation.
Her venous blood lactate level was up to 12.6 mmol/L (normal values 0.7-1.8 mmol/L), pyruvate was 88 -140 mmol/L (normal values 40 -70 mmol/L), and the liver transaminases were slightly elevated. Magnetic resonance imaging studies of her brain showed mild central and cortical atrophy ( Fig. 2A) .
At the age of 12 y, she started exercising to improve her condition, which provoked an acute episode of excessive fatigue and vomiting. On admission to the hospital, she was acidotic with blood lactate of 23.15 mmol/L, blood pH of 6.9, base excess of Ϫ28.5 mmol/L, and an extreme respiratory stress with arterial partial pressure of carbon dioxide of 1.9 kPa. She developed bilateral pleural effusions and pneumothorax and was treated with ventilator support, pleural drains, hemodialysis, and blood pressure support with dopamine and i.v. infusions. After a short period of anuria and decreased gastric motility causing retention of the stomach, she started to recover and returned home after the 3-wk hospitalization. She had developed contractions in her elbows and ankles during hospitalization but was able to return to her normal school.
She was evaluated by an endocrinologist at the age of 13 y. In the arginine, insulin, and adrenocorticotropic hormone stimulation test, her cortisol values were normal and growth hormone values were 1.7, 1.5, 1.4, 5.6, 7.2, and mg/L, showing partial growth hormone deficiency. Her FSH and LH responses were prepubertal.
Her relative growth began to increase at the age of 13 y, and she had menarche at the age of 16. Two months before death at the age of 18, she had an increasing number of therapyresistant partial seizures without loss of consciousness, which resulted in a stroke-like lesion in the right temporoparietal region and a small lesion in the right thalamus (Fig. 2B) . She died of uncontrolled seizures leading to multiorgan failure. The patient did not have diabetes or migraine. Her hearing was normal, and she did not have ptosis, ophthalmoplegia or retinal changes.
Morphologic analysis. Two muscle biopsy samples, taken at the age of 10 y, showed a large amount of RRF with variation of fiber size and increased connective tissue. Electron microscopic studies of the muscle biopsy specimen showed enlarged mitochondria with dense granular inclusions and abnormal cristae (Fig. 3) . Cachexy and slightly enlarged thyroid gland were noted at autopsy. Neuropathologic investigation of the brain revealed a patchy laminar cortical necrosis that did not follow a typical watershed distribution (Fig. 4) . Subcortical pathology was very mild. The findings were consistent with MELAS.
Biochemical and mtDNA analysis. A clear complex I deficiency, with the residual activity of 1.7% for complex I and 40% for complex IV were noted (Table 1) . In molecular genetic studies, no common mtDNA deletions were found, and the point mutation analyses for MERRF (A8344G) and MELAS (A3243G) were negative. A T to C transition mutation at np 3271 was found in 90% of her fibroblasts with the solid-phase minisequencing technique. The amount of mutated mtDNA in the patient's muscle was found to be 94%. Table 2 lists the quantitative analysis of mutant mtDNA in different autopsy-derived paraffin-embedded tissues of the patient. The amount of mutated mtDNA varied between 78 and 94%. The T3271C mutation was found in 5, 27, and 4% of blood leucocytes of the patient's mother and the two younger sisters, respectively.
DISCUSSION
We report here a juvenile patient with MELAS and the T3271C transition mutation at mitochondrial tRNALeu, which rarely has been reported outside Japan. The symptoms of our patient differed from the other reported patients, because the disease manifested early in life in our patient and the symptoms and signs typical for MELAS did not appear until shortly 260 before her death. Her presenting symptoms-poor growth and weight gain and exercise intolerance-are typical for mitochondrial diseases in general. None of her subsequent symptoms-cardiac arrhythmia, cysts in the thyroid gland, or delayed puberty-pointed to any specific mitochondrial entity. Cardiomyopathy has been reported in 20% of patients with MELAS and the A3243G mutation but so far in none with the T3271C mutation (23), including our patient. It is interesting that our patient showed delayed sexual development and partial growth hormone deficiency, occasionally also associated with A3243G mutation (24 -26) .
We recently reported delayed puberty and secondary amenorrhea associated with another mitochondrial disease, progressive external ophthalmoplegia, caused by mutations in the nuclear encoded mtDNA polymerase gamma and multiple mtDNA deletions (26a). Furthermore, increased mtDNA mutations in mice were recently associated with amenorrhea in female mice (27) . Further studies should clarify the role of mitochondrial dysfunction in primary ovarian failure.
Seven to 15% of patients with MELAS are known to have the T3271C mutation, which has been reported to manifest at later age than the most common mutation, the A3243G. The variation of clinical presentation of mtDNA mutations is well illustrated in this family, varying from diabetes to encephalopathy and schizophrenia. Altered mental status and schizophrenia are now known sometimes to precede or accompany the stroke-like episodes in patients with MELAS (28, 29) . Therefore, it is likely that the psychiatric symptoms of the maternal grandmother were caused by the same T3271C mutation. In the younger sister, diabetes was the only manifestation. Tarnopolsky et al. (4) found no correlation between the clinical phenotype and the amount of mutant mtDNA in his patients with the T3271C mutation, but such correlation has been found in patients with MELAS and the A3243G mutation (30) . In patients with A3243G mutation, the amount of mutant mtDNA in the muscle has a stronger correlation with the clinical phenotype than the amount of mutant mtDNA in the blood leucocytes. The amount of mutant mtDNA in the muscle possibly represents the original mutation load, whereas in the leucocytes, the rapid turnover of the cells is associated with a decrease of the mutation over the years (31) . The connection between mutation load and clinical symptoms has been documented in neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP) with T8993C/G mutation, leading to an infantile encephalopathy only, if the proportion of the mutant mtDNA exceeds 90% (32, 33) . However, in NARP, the levels of mutant mtDNA are similar in muscle and blood (32) . No studies on genotype-phenotype correlation in T3271C MELAS have previously been published. We found a very high mutation load in all tissues of the patient, including the brain, yet she was able to attend high school and function normally until the manifestation of illness simulating encephalitis 2 mo before her death. The high mutation load in the kidneys did not give symptoms at all times, but she developed a transient kidney failure that required dialysis during the catastrophic illness after her efforts to improve her physical condition. Eighty-eight percent mutation load in the ovaries can have a connection with the delayed menarche, but because of the early death of our patient, we can only speculate on the effect of the mutation load to her fertility.
Diabetes is rather common with the A3243G MELAS mutation (34) . It is surprising that our patient did not have diabetes, but the patient's younger sister, not affected in any other respect, developed diabetes. In the present family, full-blown MELAS developed with Ͼ90% of mutant mtDNA in most tissues,~30% of mutant in blood leucocytes resulted in diabetes, and 5% of mutant did not cause any symptoms. If the grandmother also had T3271C-associated disease, then the manifesting disease jumped over one generation, mimicking recessive inheritance.
Patients with mitochondrial disorders, especially those with mtDNA deletions, may be advised to do physical exercise to improve their condition (35) . This report emphasizes that although exercise may be beneficial for a subgroup of patients with mitochondrial disorders, in the case of this patient, exercise was life-threatening. Therefore, exercise recommendations to patients warrant a word of caution. 
